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EXECUTIVE SUMMARY

Only onesixth of the matter in ounniverse is made of the fundamental particles we understand
Understandingg K+ G G KS NBYIFAYAYy3d GREFEN]} ¢ YFGGSNI A& YIRS
goals in modern sciencdt connects soh disparate scientific areas as the formation of stars and
galaxies, the earliest moments of aumiverse, and the constituents of matter at the smallest length
scales Astronomical evidence for dark mattbas built steadily for eight decades, thougte th
elementary particles or waves that constitute dark matter remeamimystery Recent theoretical
developments have highlighted the importance of searching for dark mpé##dicles in the range from
as heavy as a single hydrogen atom to the lightest rassistent with galactistructure (30 orders of
magnitude lighter) Remarkably, small projects at the $&%15M scale can explore keyilestones
throughout this range By seizing these opportunities, we are now in a position to finally discover the
nature of dark matter.

The Particle Physics Project Prioritization Panel (P5) identified the search for dark matter as one of the
five priority science drivers for the Higtnergy Physics Programhe 2014 P5 report further

recommended a portfolio of small pjects to enable an uninterrupted flow of higiniority results This
Basic Research Nee(®RNReport presents a program of small projects to lead to the discovery of the
nature of dark matter. The program makes us®epartment of EnergyDOB facilities and

infrastructure and is complementary to the ongoing Generafo(@2) darknatter program.

The Grogram has mostly focused on dark matter masses larger than the proton mass using nuclei as
targets. The current program also explores wiike dark matter in a narrow range of very low mass
Looking beyond the current GRogram, in this report we consider complementary searches for dark
matter particles with mass less than the proton mass.

These goals motivate a discovery program alomgelHPriority Research Directions (PRDs), reflecting
complementary strategies that, taken together, address a Grand Science Challenge with the overarching
goal of finally understanding the nature of the matter of the univerfhe science priorities in thBRN

report can be realized by a series of small projects that will producepnighity results and are

described by the thre®RDs

This program is achievable at modest cost becatisyérages existing and plann&atgescale DOE

investments and exgrtise in accelerators, underground laboratories, detector R&D, novel quantum
sensing, and theoretical physics.
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The Priority Research Directignis no particular order, are

PRDL: Create and detect darknatter particlesbelow the proton massand associated forces,
leveraging DOE accelerators that produce beams of energetic particles.

Dark Matter
Production

Create & Detect

Dark
Matter

Dark Matter
at Accelerators

Detectors

Particle
Beam

Interactions of energetic particles recreate the conditions of daastter production in the early

universe Small experiments using established technologydetect darkmatter production with

sufficient sensitivity to test compelling explanations for the origin of dark matter and explore the nature
of its interactionswith ordinary matter These experiments draw on the unique capabilities of multiple
DOE acderators (Continuous Electron Beam Accelerator Facility, Linac Coherent Light-Source

I, Spallation Neutron Source, Los Alamos Neutron Science Center, and the Fermilab complex) to enable
transformative new science without digsting their existing programs

PRD2: Detect individual galactic darknatter particlesbelow the proton mass through
interactions with advanced, ultresensitive detectors.

Detect Galactic
Dark Matter

Underground

Galactic dark matter passes through the earth undetected every second. Recent advances in particle
theory highlight new compelling paradigms for the origin of dark matter and its

detection. Revolutionary technological advances now allow us to discover individuaihradirgr

particles with a mass ranging from the proton mass to twelve orders of magnitude bilimmgh their
interactions with electrons and nucleons in advanced detectbisw small projects leveraging these
theoretical and technological advancae needed and cabe carried ouby using DOE personnel,
laboratories, and infrastructure, espediathe underground infrastructure already built using DOE
support.
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PRD 3: Detect galactic darkatter waves using advanced, ultraensitive detectors with
emphasis on thestrongly motivatedQCD axion!

Electromagnetic

\_\_\ / Waves
Shield

Detect Wave & -
Dark Matter
in the Laboratory -

Dark Mﬁtter
Wave

Cavity +
Quantum Sensor Ny

Recent technological and theoretical advanfieally allow the detection of dark mattén wave form
over the entire 20 orders of magnitude of the ultralight mass range, previously inaccessible to
observation. Discovery ofhesedarkmatter waveswith advanced quantum sensors woulcbvide a
glimpseinto the earliest moments in the origin of the universe and the laws of nature at ultrahigh
energies and temperatures, far above what can be created in terrestrial laboratories.

The threePRDsepresent a comprehensive program of small projects to expitark matter from

below the mass of the proton down to the smallest possible mass for dark maiteyether, all three
directions cover the key range of possibilities for dark matter across this mass(GRgegramrange
included for comparison)All three PRDs are needed to achieve broad sensitivity and, in particular, to

reach different key milestones.

PRD #1

electron mass proton mass

et

zeV aeV feV peV neV peV meV eV keV MeV GeV TeV

Successfully unravelling the nature of dark matter, its interactions, and its origin imitherse can only
be achieved by combining resultem projects spanning these new initiativels the event of a
discovery, each provides a unique and essential piece of the puzzle

1 The QCD axiois a highly motivated dark matter candidate. It is a solution to the strong CP problem and arises in
many frameworks of physics beyond the Standard Model of particle physics, including grand unified theories and
string theory.






1.INTRODUCTION

Compelling new ideas for the origin and nature of dark matrent
developments in detector and quantum sensors, and successful pathfinder
experiments open an unexplored frontier for the exploration of dark matter.

Importance of Dak Matter

The universe visible to us is a rich tapestry of stars, galaxies, ghlatgrs, and galaxy filaments in a

cosmic web of structure. But detailed study of the motions of visible objects reveals that there must be
YFGGSNI GKFG ¢S R2y Qi aSSsz GKIFG Aaz REN] YIFOGdGdSN®D
binds together galaxies and other structures. The evidence for dark matter has grown ever stronger in

the more than 80 years since astronomers first discovered it. The importance of dark matter is not

small. Modern precision cosmological measurements revealnioae than 80% of the matter of the

universe is dark matter. Darkatter plays the dominant role in the evolution of structure in the

universe starting from the initial conditions observed in the cosmic microwave background radiation,
some380,000 yearsfter the big bang

The existence of dark matter is compelling evidence that our otherwise remarkably successful Standard
Model describing the fundamental particles and forces is incomplete since none of the known
elementary particles can serve as dark teat Dark matter signals a new piece of the fundamental laws

of nature. We have searched for new fundamental laws beyond the Standard Model for decades, in
experiments on tabletops to theost powerful particle accelerator in the world, tharge Hadron

Collider. Discovery of a dark matter particles or waves would point the way forward beyond the
Standard Model Determining the properties of dark matter is crucial for a detailed understanding of

the evolution of structure in the universe, and understarglits interactions would provide a glimpse

into conditions of the very early universe.

The Current U.S. Program

The discovery of the basic properties of dark matter particles dayita of dedicated experiments (much
like the masses and interaction properties of neutrinos are currently being measured) would lead the
way to a new understanding of physical principles beyond those embodied in the Standard Model
Several approaches ttiscover the norgravitational interactions of dark matter have been and are part

of DOE Office of High Energy Physics (HEP) programs,
including the search for dark matter at particle colliders,
indirect detection of dark matter through astronomical
obsenations of the annihilation products of dark matter, and
direct detection of dark matterThe hypothesis of the weakly
interacting massive particle (WIMP) as the dark matter
particle is welmotivated and has dominated experimental
searches for the pastfedecades. For some time, the
quantum chromodynamics (QCD) axion has also been
recognized as another compelling dark matter candidate,
although it has receivelgss experimental attentionThe

Although the rutron hasconstituent
charged particles (quarks),has no
net charge polarityi.e., no electric
dipole moment) A weltmotivated
solution is that thequark
subcomponent®f the neutron are
forced intoa chargebalanced
configuration to minimize the
potential energy of an associated
field, the axion

search for these particldsas resulted in three dedicated G2
directdetection experiments in the HEP program: thglLUZXZEPLINDark Matter Experiment, Super



Cryogenic Dark Matter Search (SuperCDMS), and Axion Dark Matter Experiment (ADMX). Both LZ and
SuperCDMS are primarily designed to detect nuclear recodara matter particles with mass greater

than the proton massWhile the ADMX was originally motivated to search for the QCD axion, in

general, it searches for particles with mag®-40 peV (2-40 x1 0%V)

The search for dark matter is a worldwidéogt involving underground experiments, accelerator
searches, laboratory investigations, grodogsed and spaebased astronomical searches, and
computer simulations; all informed by an active and thriving theoretical community. The international
dark-matter effort involves higkenergy physicists, astrophysicists, cosmologists, and detector physicists.
In this large international effort the diversity and depth of th&sléffort is world leading. The

U.S effort is multidisciplinary and supported by szal Federal agencies and well as private
foundations. The anchor of the &dark-matter search progranmsthe Generatior2 (G2) experiments
ADMX, LZ, and SuperCDMS. Completion of the G2 program is the highest priority of tmaitiark
community. Butike any active research area the frontier evolves, and in this report we identify new
scientific opportunities beyond the reach of G2 that will maintain th& dark-matter program at the
forefront and offer real possibilities for discovery of the nataf dark matter. The scientific
opportunities leverage significant DOE investments in the suite of particle accelerators, a program of
development of quantum sensors, the expertise and facilities of national laboratories, and an active
community of theoistsand experimentalists.

New Directions, Why Now
New ideas for dark matter

Over the past decade, as initial searches for dark matter have shown no results, significant advances in
dark matter theory have emphasized that, besides the QCD axion, @&hemaany other compelling nen
WIMP dark matter candidatedn particular, these candidates can be found anywhere in the mass range
from 1 Ge(1 BeV),which is roughly the lower sensitivity limit of G2 dirglettection experiments

down to1l 02 &V, which is the smallest possible damatter mass consient with structure formation.

A defining feature of these new candidates is that they do not interact directly with the known Standard
Model forces. Instead, they are hypothesized to be part of a hidgéetor andare connected to the

Standard Model sector througha€b f f SR aRIFNJ] F2NOSZ¢ gKAOK YSIya
interactions with ordinary particles, such that it would have evaded detection sdfaa hidden sector

could also have dch structure that leads to notrivial dynamicsn the dark sectar These dynamics

allow the observed abundance of dark matter in the universe to be set in previously unanticipated ways
This has important implications for the evolution of our unieeasid the étection of such dark matter.

The coupling of the dark forces to dark matter also allows for novel search strategies for the new forces.
This compelling paradigm for dark matter is now ripe for experimental exploration using recently
developedtechnologies and novel ideas for detection.

Technology and pathfindexperiments

In parallel with the extension of theoretical interesttire parameter spacérom 1 0%2éV to 1 GeV

(1 ®eV) new concepts for dark matter detection have been developEdese concepts are enabled by
recent advances in detector and sensing technology and by-sfatee-art accelerator facilitiesRecent
pathfinder experiments have demonstrated the sensitivity of acceleratmedfixed targetdark matter



searcheg.It is now clear that higlntensity proton beams and higtate electron beams will enable
dramatic sensitivity improvementdn addition, advances in lolackground detectors with a low

energy thresholéimake possible a new generation of darlatter directdetection searches below the
mass of the proton, with emerging technologies even enabling searches for dark matter below the
electron masg.Recent developments in quantum sensing technology-tiovge cryogenic and near
guantumlimited amplifiers) have reently enabled the most powerful searches for the QCD axion in the
ADMXS albeit in a narrow mass rang&lew detection concepts and further advances in quantum
sensing technology will enable sensitivity to dark matter over the entire vikeanass rangéincluding

the full QCD axion parameter space.

Provenance from the Particle Physics Project Prioritization Panel

The 2014 P5 report identified the search for dark matter particles as one of the five priority science
drivers for the HEP progranTo quoS t Ifisimpefativeto searcHor darkmatteralongeveryfeasible
avenu& andthe breadth of dwell-motivatedideasfor what darkmatter couldbe, [which]includeweakly
interacting massiveparticles(WIMPs)gravitinos axions sterileneutrinos,asymmetricdarkmatter, andhidden
sectordarkmatter.¢’

Some of these scenarias including WIMP searchas are the purview of larger experiments, as
described below However, much of the wethotivated parameter space fatark matter can be

explored by small experiments in the near futufghis corresponds to another recommendation of P5,
namely, that the HEP program should contain a portfolio of small projects to enable an uninterrupted
flow of highpriority science rests.

This Report

Recent experimental, technological, and theoretical advances have opened the potential for dark matter
RAAO2OSNE AY I Yl &aa NIXy3aS 2y0S GK2dzAKG Ayl O0O0S&aaAo
opportunity led to a workshoglUSCosnic Visions: New Ideas in Dark Matfer K S MaRch 23¢5,

2017, resulting in a whitepaper summarizing these new science opportuhitéamy of the new

experimental approaches enabling this opportunity for discovery are expected to be realizablelby sma
projects In many cases, these are ce$tective because they leverage substantial DOE investments in

facilities, infrastructure, and technology development

dZA ft RAYy3 2y GKS da!{ /2aYA0 xAaAiAz2yaé oKwesHLI LISNE |
dark matter science. The focus of the workshop, held Octobdr81 2018, and of thiszport is
identifying new opportunities for dark matter particle searches and {mgpact PRDs to realize these
science opportunities. A requirement was thaetresearch should be pursued by small projects

2 A. A. AguilaArevaloet al., Phys. Re¥D98(2018)112004; D. Banerjee et al., Phys, R297(2018)072002.

3 See the discussion in thgirect Detection Panel RepamtChapter 4, pp. 566.

4 See the discussion in thgirect Detection Panel RepamtChapter 4, pp. 566.

5 https://depts.washington.edu/admx/

5 See the discussion in thdltralight Dark Matter Panel Repairt Chapter 4, pp. 678.

7 Particle Physics Project Prioritization PaBeiilding for Discovery: Strategic Plan for the U.S. Particle Physics
Community in thé&lobal Contextttps://science.energy.gov/~/media/hep/hepap/pdf/May
2014/FINAL_P5_Report 053014.quif4 (2014).

8 Marco BattaglieriiJS Cosmic Visiorisew Ideas in Dark Matter 2017: Community RejeoiXiv:1707.04591
[hep-ph] (2017).



https://science.energy.gov/~/media/hep/hepap/pdf/May-2014/FINAL_P5_Report_053014.pdf
https://science.energy.gov/~/media/hep/hepap/pdf/May-2014/FINAL_P5_Report_053014.pdf
https://arxiv.org/abs/1707.04591
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technology capabilities can be fully exploite8imall projects addressing much of this science are ready

to start within the next few years, while others need further technology develept before project

initiation.

Leaders in the field invited to participate in tB&Nworkshop were divided into four panels, with panel

topics organized around experimental approaches where significant theoretical and technology

advances within the last 5 years will enable higipact searches for dark matter over the nex1®

years. Théour panelscoveredthe followingtopics

Discovery of dark matter particles and related forces at accelerators

Detection of galactic dark matter particles through interactions with ordinary matter
Detection of dark matter as coherently oscillativgves

Crosscutting science opportunities and technology development.

PoDdPE

¢tKS FAYRAY3Ia 2F (KS . wbéwbitdpaderts el as adkaBcesiachieved id ther A O+
intervening year and a half. The deliberations from these panels are documien@tpter 3 The

primary workshop goal was the identification of a short list of PRDs, which are summarized below and
described in depth iChapter 2

ThePriority Research Directions

The three PRDs in this report span an enormous range in mas®fdatk matter particle, from

1 028V, tothe proton mass, approximately 1 G&/®eV) The lower mass limit is set by the
requirement that the de Broglie wavelendtbf the dark matter particle must be smaller than the size of
objects dominated by danatter. The upper mass limit is set because thegfagram effectively

covers the range above the proton mass. If dark matter is produced by thermal processes in the early
universe(discussed latey)ts mass must be greater than the electron mass (A ®eV) and less than
about 100TeV { B%V). The image below shows the dark matter range in this thermal period

Dark Matter Mass Range
VAR | non-thermal Lnon-thermal | _ZB(gel3Y

my; 100 TeV

Mglectron mproton

PRDL: Create and detect dark matter particldselow the proton massand
associated forces, leveraging DOE accelerators that produce beams of
energetic particles.

Small experiments at accelerators can produce dark matter lighter than the proton, reproducing the
conditions under which dark matter was created in the earliverse This capability offers broad
sensitivity to this light dark matter and suggests a strong prospect to measure its physical properties
The role of accelerator production experiments is especially prominent in theortbsrohal dark

9 The de Broglie wavelength of a particle of masand velocity is equal toh/mv,wherehla t £ I yO1 Qa O2y ail



matter, where dark matter interactions with visible matter in the hot eaulyiverse explain its

abundance todayPredictive realizations of this hypothesis require dark matter production rates within

I FFOG2N 2F mnnn 2F OdzNNB yéssitffelolsihalBxpelinfetts Bingd Sy aA (A O
existing technology over most of the electrom-proton mass rangeSearching for dark matter

production in this range, by achieving a 1® 1000fold sensitivity gain over current experiments,

represents an especialhightimpact science opportunityMoreover, thermal dark matter models

below the proton mass imply the existence of new, unstable particles that are related to dark matter.

These particles may decay into visible final stafeS  NOKAYy 3 TFTEQAHZKS A4S NIRA Q] Sa N
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter.

Accelerators can produce many dasector particles, not only dark mattgparticles

Twohighrimpactthrustscanbe achievedoy deployingproventechnologiesat DOEacceleratorsas
elaboratedbelow. If successfulthis PRDcouldentirely re-write our understandingof what dark matter
is,andhow it isrelatedto familiar matter.

Thrust 1 (neaterm): Through 10to 1000-fold improvements in sensitivity over current searchesgu
particle beams to explore interaction strengths singled out by thermal dark matter across the
electronto-proton mass range.

Twobasicapproachesanexplorethe parameterspaceof roughlyl 0%Vto 1 GeV(1 BeV), leveraging
the unique capabilitiesof DOEaccelerators.

1 Missingmomentumexperimentsusingmoderndetectorsoperatingdirectlyin alow-current
lepton beam,identify dark matter productioneventsbasedon the kinematicsof visibleparticles
recoilingfrom the productionevent Suchexperimentsin a continuouswaveelectronbeam
offer apathto reach1000fold improvementin sensitivityovera broad massrange; missing
momentummeasurementsn muonbeamshavesignificantpotential sensitivityfor detecting
heavierdarkmatter massesandexploting a distinct coupling

1 Beamdumpscatteringmeasurementproducedark matter by stoppinganintenseelectronor
proton beamanddetectingits scatteringin a downstreamdetector. Thisapproachoffersa
complementaryanddistinctivedetectionsignal Conceptexploitingexistingelectronand
proton beamscanachieveat least10-fold sensitivitygainsevenwhenusingconservative
detectors The capabilitiesof the DOEacceleratorinfrastructureprovideuniqueopportunities
for world-leadingsciencewhichin mostcasescanbe donein parallelwith these¥ | OA f A G A S & Q
primaryprogramsc in particular,multi-GeVcontinuouswaveelectronbeamsand high-intensity
proton beamssuchasthoseat the

0 ContinuousElectronBeamAcceleratofacility(CEBAR)effersorLaboratory(JLab)
LinacCoherentLightSourcell (LCLSl), SLAQ\ationalAcceleratoiLaboratory
SpallationNeutron Source(SNS)OakRidgeNationalLaboratory(ORNL)
LosAlamosNeutron ScienceCenter(LANSCH)osAlamosNationalLaboratory(LANL)and
the Fermilabcomplexat FermiNationalAcceleratoiLaboratory(FNAL)

O O oo

Thrust 2 (near and lontgerm): Expbre the structure of the dark sector by producing and detecting
unstable dark patrticles.



Athird approachjnvolvingspectrometerbasedsearchesoffers broad sensitivityto unstabledark sector
particlesandthe capabilityto fully characterizeheir decays Nearterm proposalsexploitingeither
continuouswaveelectronbeamsor energeticproton beamsare sensitiveto darkforce carriersandto a
broadrangeof other unstableparticlesrelatedto dark matter, aswell asto physicsbeyonddarkmatter.
In addition, manyexperimentsprimarily motivatedby Thrustl alsooffer somecomplementary
sensitivityto unstabledark sectorparticles.

Together spedrometer-based missingmomentum,andbeamdump experimentshavepowerful
discoverypotential for modelsof darkmatter and associatedorces. Somenotablemodelsare only
partly exploredby currentacceleratorbasedexperiments and motivate future explaration of new
conceptsto extendthis sensitivity.

PRD2: Detect galactic darknatter particles below the proton mass through
interactions with advanced, ultresensitive detectors.

Dark matter from the galaxy passes through the Earth undetected eveopdedJitrasensitive

laboratory experiments seek to detect rare interactions of the dark matter depositing a small amount of

energy in advanced detectors, which are typically placed deep underground to riedexderencefrom

other known events, like cdsA O NJ & a @ 'REBGSOYRDYEE aFekmfn@iisy Sy i 4= A ¢
using this technique, have been primarily focused on detecting dark matter particles that are heavier

than the proton ThisPRIXocuses on new experimental approaches to probe lowassdark matter

ranging from the proton mass to twehorders of magnitude lighterThis will dramatically extend our

sensitivity to dark mattemto previously unexplored frontiers.

Direct detectionwould directly probe the galactic dark matter.

Many excitinghew theoretical ideas hae motivated searches in thiside mass rangand have provided
specific targets for experiments to explore. A mass range consisting of six orders of magnitude can be
probed immediately with recently proven technologgn additional six orders of magnitude in mass can
be probed after additional R&D of promising technologigseach of these mass ranges, theory

predicts dark matter candidates that could be discovered with just a gram of target material observed
overone day. The experiments discussed in Bffxould be realized bpOEsmall projects, making

critical use oDOEresources, such as national laboratories, expert personnel, infrastructure, and
especially the underground infrastructure already bwiith DOE support.

Because theory targets exist in which the dark matter interacts only with nuclei, or only with electrons,
this PRIxonsists of two thrusts of equal importance, which probe different possible interactions
between dark matter and known matter. Each thrust contains small projects that are ready to be
executedimmediately based on proven technology, as well as lotgen R&D efforts that would allow

an even wider range of masses and interaction strengths to be probed.

Thrust 1: Probe dark matter interactions withuclei as motivated by theoretical ideas for the nature
of light dark matter, including its possible thermi@nd nonthermal origins.

Dark matter can interact with nuclei in various target materials, producing a signal that depends on the
target material and detector setuplhe type of interactions with the target inclusidark matter
scattering as well as damatter absorption Ultra-sensitive experiments in the near term can probe the



scattering of dark matter with masses between 50 MB\%1 0OeV)and1 GeM1 ®eV), while medium
to-longer term experiments could probe the scattering of dark matter witdsses down to about 1 keV
(1 ®eV)and the absorption of dark matter as light as approximately 1 @de®%V)

Thrust 2: Probe dark matter interactions withlectrons as motivated by theoretical ideas for the
nature of light dark matter, including itgossible thermal and noithermal origins.

This thrust isimilar to Thrust 1, but here dark matter interacts with electrons in various target
materials,and thisin some cases requires the development of advanced matetifitsa-sensitive
experiments irthe near term can probe the scattering of dark matter with masses between about
1MeV (1 BeV)and1l GeM1 BeV)and the absorption of dark matter with masses between 1 eV and
1keV(1 ®eV) Mediumto-longer term experiments can be sensitive to the scattering of dark matter
with massedetweenl keV(1 deV)and 1 Me1 BeV)and the absorption of dark matter down to
masses of about 1 me 0%V)

PRD3: Detect galactic dark matter waves using advanced, ulensitive
detectors with emphasis on thatrongly motivatedQCD axion.

Goodcandidatedor the darkmatter of the universespanthe entire dultralighté¢ massrangefrom 1 02 2
eVto 1eV. Inthisrange,darkmatter actsmore like a wavethan a particle. Thefrequencyof this wave
is setby the darkmatter massandrangesfrom 1 0®Hzto 1 ®“Hz. Thisrangecontainsthe strongly

motivateddark matter candidate the QCDaxion. TheQCD
Whether the dark matter is best axionmight alsosolveone of the deepmysteriesin the
described by a particle picture ora | fundamentallawsof nature: understandinghe differences
wave picture is determined by the betweenmatter andantimatter insidethe nucleus. Thevast

occupation number bparticles majority of this 22 order-of-magnituderangeappearsto be
within a volume of radius equal to th{ - accessiblavith novel,smaltscale direct-detection
de Broglie wavelengthlf the experimentsin the laboratory,leveragingadvancesn high-

occupation number is much Iarger precisionquantun techn0|ogy_
than unity, the dark matter is best
visualized as a wavelhe crossover | Thjsultralight darkmatter, either in the form of axionsor
occurs at a darnatter particle mass | hiddenphotons,naturallyarisesfrom physicsat ultrahigh

of about 1 eV, i.e., below thimass energyscales.A detector in suchan experimentthus probes
the wave description is better. fundamentalphysicsat ultrahighenergiesfar abovewhat

canbe createdin terrestriallaboratories. Suchdark matter
is naturallyproducedat the very earliesttimesin the universe duringthe conjecturedperiod of
extraordinaryinflation duringthe first 1 03Secondsafter the bigbang Its abundanceandproperties
aretied to the physicf inflation. Thus,a detectionof suchdarkmatter alsoprovidesinformationon
the earliesttimesin the formation of the universein wayshighlycomplementaryto cosmicmicrowave
backgroundexperiments.

Discovery of darknatter waveswould provide a glimpse into the earliest moments in
the origin of the universe and the laws of nature at ultrahigh energies, beyond what
can beprobed in colliders.

Combiningscientificmotivation andtechnicalreadinessthe highestpriority for smaltscaleDOEprojects
in ultralight darkmatter isto searchin the massrangeof Thrustl: 100Hzto 10 GHz(roughlyl 0! éVto



1 0%V),with the strongestemphasison coveringasmuchof the QCDaxionline aspossible. Thrust2
will developandextendnew detectortechnologiego coverthe entire ultralightmassrange.

Thrustl: Utilize new detectortechnologiesto explorelarge parts of dark matter parameterspace
coveringa broad range of massfrom 100Hzto 10 GHz(roughly1 0! &Vto 1 0%V)andtargeting
sensitivityto the QCDaxionwhere possible.

Excitinglynovelsmaltscaleexperimentsto exploredark matter candidatesn the massrangel 0! éVv
to 1 0%Varereadyfor conceptualdevelopmentin the nearfuture. Afew complementaryexperiments
couldcoverthis entire massrangeand, mostimportantly, could probe the QCDaxionoverthe vast
majority of this range. Thesecomplementaryexperimentalapproachesnvolveuseof several
techniques(magneticresonancelumped-elementresonatorsandmicrowavecavitieg, andleverage
advancesn high-precisionquantumsensors.

Thrust2: Developor extendnew detectortechnologiesto enableexperimentsto coverthe remaining
parameter spacefor well-motivated dark matter modelsspanningroughly 20 ordersof magnitudein
massand alsotargeting completecoverageof QCDaxion models.

Father into the future manypromisingapproachesre poisedto extendour coverageoverthe entire
ultralight darkmatter range. Forexample newresonatorand quantumsensingechnologiesare
currentlybeingdevelopedto target higherfrequencydark matter waves(abovel0 GHZ1 0%®V) and
alsofill out coverageof the QCDaxionat all frequencies.Othertechnologieqe.g, atomic
interferometersand magnetometersandtorsion pendulumg are beingdevelopedto extendthe reach
into the ultra-low massfrontier of dark matter wavelengthsaslargeasthe sizeof dwarf galaxies.To
take advantageof the highimpactof theseapproachesfurther technologydevelopmentis neededon
allthesedirections.

Complementarity between PRDs ar@@loss-Qutting Opportunities

The threePRDsgepresent a comprehensive program of small projects to explore dark matter below the
mass of the proton. This point is illustrated in Figurd and1-2. Figurel-1 showsthe interaction

strength forthe mass range from kef ®eV)to GeV(1 BeV)for three hypotheses concerning the

scaling of the dark matter scattering cross section with its vel@eityv°, and ¥). Also displayed are

the regionghat are covered by PRDs 1 and 2 via searches for dark matter production at accelerators or
by direct detection, respectively. Also indicated are regions of parameter space corresponding-to near
term theoretical milestone scenarios which naturally explain the obseapeohdance of the dark

matter in theuniverse Together, the two PRDs provide an extremely powerful diagnostic tool for dark
matter physics.

In Figurel-2, the interaction strength is shown fahe massregion from1 02 &V (below which the dark
matter would be unable to form observed galaxiesit@eV (above which the dark matter behaves as
particles rather than waves), along with the regidhat would becovered by PRP and PRI3. Also
indicated is the theoreticallynotivated paraneter space of the QCD axion.
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Figurel-1: Dependence of interaction strength and dark matter velocityaémelerator experiments and direct
detection experimentg PROL and PRI, respectively The reach dhe different techniquessindicated, as well
as nearterm theoretical milestone scenarios. Depending on the scaling of the dependence of-dreetgy dark
matter scattering with nuclei or electrons, direct detection or accelerator production could be most sensitive.
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Figurel-2: Dependence of interaction strengplarameter space for wave dark matter spamg many orders of
magnitude. In the upper mass rangkrectdetectionexperimentPRI2) provide complementary informatidar
PRDB.



2. PRIORITY RESEARCH DIREGTIO

The workshop discussion identified three Priority Research Directions (PRDs) that define the basic
research needs for the dark matter small projects initiative. Each PRD is discussed in depth with the
associated research thrusts in thisaghier. As bckground, Chapter df the report provides an haepth
assessment of the current status of relevant research in the field of dark matter.

LIST OF PRIORITY RESEARCH DIRECTIONS AND ASSOCIATED RESEARCH THRUSTS

1. Create and detect dark matter particles belothie proton mass and associated forces, leveraging DC
accelerators that produce beams of energetic particles.
Thrust 1: Through Qo 10006fold improvements in sensitivity over current searches, use
particle beams to explore interaction strengths singbed by thermal dark matter across the
electronto-proton mass range.

Thrust 2: Explore the structure of the dark sector by producing and detecting unstable dark
particles.

2. Detectindividual galactic dark matter particles below the proton mass througiteractions with
advanced, ultrasensitive detectors.

Thrust 1: Probe dark matter interactions with nuclei, as motivated by theoretical ideas for the
nature of light dark matter, including its possible thermal and-tlegrmal origins.

Thrust 2: Probe dankatter interactions with electrons, as motivated by theoretical ideas for
the nature of light dark matter, including its possible thermal and-tit@rmal origins.

3. Detect galactic dark matter waves using advanced, wgensitive detectors with emphasisrothe
strongly motivated QCD axion.
Thrust 1: Utilize new detector technologies to explore large parts of dark matter parameter

space covering a broad range of mass from 100 Hz to 10 GHz (rdugilgV tol 0%V) and
targeting sensitivity to the QC&xion where possible.

Thrust 2: Develop or extend new detector technologies to enable experiments to cover the
remaining parameter space for welotivated dark matter models spanning roughly 20 orders
of magnitude in mass and also targeting complete cagerof QCD axion models.

PRD #1
PRD #2
PRD #3
electron mass proton mass
/ 1L 1 L ' 'l 1 L ' L 1 1 L L L L L L .‘.I L I L 1 L \
N | 1 1 1 1 | 1 SR A L Y 4
zeV aeV feV peV neV peV meV eV keV MeV GeV TeV

Mass range covered by PRDs and G2 program: O.1 zeV to 200 T&8\( to2 x1 8%V) Earlyuniverse thermal
production of dark matter requires the dark matter particle mass to be less than about 200-de®ark matter to

be responsible for structure formation requires a mass larger th@d éV. Although this is an enormous mass
range, the PRDs in this report, together with the current G2 program, span the entire range. All three PRDs are
needed toachieve broad sensitivity and, in particular, to reach different key milestones and targets.
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PRD 1: Create and detect dark matter particles below the proton mass
and associated forces, leveraging DOE accelerators that produce
beams of energetic particle

Future experiments at existing DOE accelerator facilities using established detector technology offer a
uniqgue window on the physics of light dark matter at modest cdstese experiments use the collisions

of electrons, protons, or muons on target atg to produce and detect dark matter and associated
unstable particles in the laboratory. The two thrusts of this PRD, described below, are each motivated
by exploring different aspects of the thermal dark matter paradgaxcompelling paradigm in which

dark matter originates from its interactions with ordinary matter in the hot early universe. Existing DOE
HighEnergy Physics, Nuclear Physics, Basic Energy Scamta&ational Nuclear Security

Administration beams could be used to realize this progf@able 21). The multiple DOE beam

facilities provide a variety of energies, particle types, and capabilities for this experimental program.

Table 21: Summary of PRD If realized, the possibility to produce and detect dark matter at DOE accelerators

would create a tremendous opportunity to explore dark matter particles and associated forces below the proton

mass. The techniques that realize this PRD are shown in the columns under the two thrusts and are defined later.

The DOE accelerators/beamlirtbat have been studied and could enable these techniques are shown in the

dS02yR O2fdzvyo {2YS O2Yo0AyliAz2ya 2F GSOKyAldz$S FyR TI O
simultaneously with a primary physics program, while othersdrdldNB y (i f @8 dzy RSNRG22 R G2 NXIj dz
operations Beams of different particle species (electron, proton, and muon) enable different concepts and probe

different couplings to the dark sectoBeam dump and missing momentum experiments are primadiysed on

Thrust 1, with additional applications to Thrust 2. Spectromesed experiments are primarily motivated by

Thrust 2.

Thrustl Thrust2
Electron Muon
Accelerator/ Proton Electron Missing Missing Spectrometer
Lab Beamline Dump Dump Momentum Momentum Based
BNB(8 GeV) Dedicated
FNAL MI (120GeV) Dedicated Dedicated
2% muons Dedicated
ORNL SNS Parasitic
LANL LANSCE Parasitic
SLAC LCLSI Parasitic Parasitic Parasitic
JLab CEBAF Parasitic Dedicated Dedicated

The science described in this PRD is motivating new efforts at laboratories around the world, including
the European Organization for Nuclear Resed@ERIN the High Energy Accelerator Research
OrganizationKEK, MainzEnergyRecovering Superconducting AcceleratmmdNational Institute for
Nuclear Physid8NFN. In this global landscape, the capabilities of the DOE accelerator infrastrugcture

in particular, multiGeVcontinuouswaveelectron beams and higimtensity proton beamsg provide

unique opportunities. By leveraging existing DOE accelerator infrastructi®esnuhll projects can

provide worldleading contributions to this important and vibrant new science.
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Science Oppotnities

A compellingexplanationfor the originof darkmatter isthat it wasproducedthroughinteractionswith
the bath of familiar matter that filled the universeafter the bigbang. Producinghis & ¢ K Stk |- £
theseprimordialinteractions;therefore, suchexperimentsoffer an especiallypowerful window on the
thermaldarkmatter paradigm.

Therangeof massesonsistentwith thermaldarkmatter isillustrated by the greenbandin Figure2-1,
while the light darkmatter parameterspaceprobedby this PROs denotedby the blue shading The
new opportunitiesin this PRDcomplementexistingcollider,direct detection,andindirect detection
efforts that searchfor WIMPsabovethe proton mass. Together they canprovide completecoverageof
the viablemassrangefor thermal dark matter.

dark matter mass range

small projects existing
(near term) collider program

<i — T — >

10-22 eV Melectron Mproton Mz 100TeV

Figure 21: Dark matter mass parameter spacthe thermal dark matter mass range is shown in green, the mass
rangeprobed by acceleratebased small projects is shaded in blue, and the complementary mass range explored
by the existing collier program is shaded in brown.

Aparticularlysimple,robust,and predictiverealizationof thermal dark matter is that darkmatter and
ordinarymatter were oncein thermal equilibrium,with the strengthof interactionsbetweenthem
determiningthe abundanceof darkmatter seentoday. Interactionstrengthsthat couldexplainthe
originof darkmatter imply a minimumdark matter productionrate at fixed-target experiments
(illustratedby the greenbandin Figure2-2). Thesepredictedsignalsare within afactor of 10000f
currentS E LIS NAs¥rSitily Arlsstronglymotivatesa focuson experimentsthat achievea 10- to
1000Hfold sensitivitygainover currentdark matter searchesacrosshe electronto-proton massrange
Afactor of 10improvementwould representimportant progresswhile a full factor of 1000
improvementwould thoroughlyexplorethis predictivescenario Achievingthesegainsin sensitivityfor
darkmatter productionreactionsis the goalof Thrust1.

Thermaldark matter lighter than the proton impliesthe existenceof light, unstabled R FaNS|O (i 2 NE
particlesthat interactwith both the darkmatter andordinarymatter. Oneexampleof sucha stateis

the positedforce carrier (discussecarlier)that mediatesinteractionsbetweendarkandfamiliar

matter, whichmaydecayinto familiarmatter. Moreover,manymodelsof darkmatter includeexcited
statesthat maydecayinto visibleparticlesor into a combinationof visibleand dark matter particles.
Searchindor theseparticlesis an additionalwindow on the physicsof darkmatter, with complementary
discoverysensitivity ThismotivatesThrust2, focusedon searchingfor new particlesin a variety of
visiblefinal states Acceleratorexperimentsoffer the only meansof detectingthis crucialpart of the
darkmatter physics.
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Thermal Targets and Accelerator Searches Inelastic Dark Matter
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Figure 22: Sensitivity of small acceleratbased experiments to two example benchmark models of dark matter
The interaction strength igjgw gsm/40) 2 (Mom / Mvien)* / @em, Where the coupling of the mediator (MED) to dark
matter (DM) iggom, and the coupling of thenediator to standardnodel particles igsw. For the figuremveo

= m3wu has been assumed. (Left) Sensitivity of proposed experimental techniques to minimal dark matter
production signals, via kinematic or recoil signatures. (Right) Sensitivity afsgepxperimental techniques to
inelastic dark matter production, via kinematic or excisdte decay signatures. The width of the solid green
bands reflects the range of possible velodigypendences of dark matter interactions (depending on the dark
matter spin and mass structure) in each case, while the lighter green regions show the variation in interaction
strength predictions in corners of parameter space or generalized thermal models.

Research Thrusts

This section summarizes the kinds of physieasurements that have been considered to address the
two scientific goals mentioned above, the accelerator infrastructure that they require, and the science
potentially achievable by each kind of measuremefsssumed are the existing infrastructure,

reasonable run times and detector scales, agfticient background rejection.

Thrust 1 (near term): Through o 1000fold improvements in sensitivity over current searches, use
particle beams to explore interaction strengths singled out by thermal dark teatacross the
electronto-proton mass range.

As described above, predictive milestones for thermal dark matter production motivate a factor of 10
1000 improvement in sensitivity beyond existing partickam measurements.

Small projects to achieve thiwal fall into two categoriesnissing momentum experiments and beam
dump experiments Missing momentum experimentdentify dark matter production events based on

the kinematics of visible particles recoiling from the production eyhile beam dump egeriments

rely on producing dark matter particles in the target and then detecting their scattering in a downstream
detector. These techniques are illustrated in Figurd. ZRecent experiments demonstrating the

feasibility and power of both approachesasummarizedn the Current Status and Recent Theoretical

and Technological Advancesction of the Accelerator Production Panel Report in Chaptétearterm
opportunities exist for transformational improvements over current sensitivity by using available
detector technologies and existing DOE accelerator infrastructure.
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As a byproduct of reaching the important milestones associated with preelictadels for the origin of

dark matter, these experiments will also broadly explore the parameter space for dark matter
interactions with familiar matter, irrespective of its cosmological origin, including dark matter much
lighter than the electron. In #afollowing, we summarize the key capabilities of each technique and

their general beam and detector requirements, with examples of DOE facilities that would enable them.

RECREATING BiG BANG DARK MATTER
PRODUCTION AT ACCELERATORS

Missing momentum
experiment

Figure 23: A schematic of accelerattmased techniques which probe Big Bang dastter production.

Missing momentum experiments (see Figur8,Zenter) in a continuouwave electron beam offer a

path to achieving a full 1206f@ld or better improvement compared with existing sensitivity over a broad
range of dark matter massed hese higkrate, singleparticle measurements capitalize on precise and
modern fastresponse and radiatictolerant detector technologiesMoreover, they can use kinematic
techniques to measure dark matter mass and interaction properties in the eventis€avery Multi-

GeV continuousvave electron beams are necessary to enable electron missomgentum

experiments. DOE facilities providing such beams include SLAdI)laodSefferson Laboratory
(CEBAF)Concepts for LCHBoperation would parasditally extract a lowcurrent electron beam in

parallel with light source operation, while concepts for CEBAF operation would involve dedicated beam
GAYS Ay 2yS 2F WSTFSNEH2Z2Y [ 02NF G2NEQ& SELISNAYSY(l
muon beantine delivering Q( O muons per minuteould be developedpr example, by upgrading a
secondary muon beamlinéwith this beamlineFNAL could perform missing momentum searches

similar to those utilizing electron beams, perhaps with the same type otttateAlthough further

studies are still needed, these experiments may reactot000fold sensitivity gains over existing
experiments for dark matter heavier than the muon and can also uniquely test the interaction between
dark matter and muons.

Beam dimp experiments (Figure-2, right) using existing electron or proton beams are capable of at
least 10fold sensitivity improvements over previous experimenfgiditional measurements of the
properties of dark matter can be performed in the event of aoigry Electron bearrdump
experiments rely on higintensity electron beams. Parasitic use can be made ofihighsity electron
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beams, such as those delivered by CEBAF oflL®yS$lacing a detector in a new experimental hall

built downstream of tleir beam dumps Proton beam dumps offer comparable reach, with unique

sensitivity to nucleon couplings, and can be realized at several facilities. Existing infrastructure can be
exploited in various ways: for example, by steering the FNAL Booster MeBgam (BNB) proton beam

into an upgraded beam dump and looking for dark matter scattering in existing neutrino detectors, or by
operating new coherent neutrinaucleus scattering detectors during routine operations of intense low

energy proton stopped piosources, such as SNS or LANSCE. These approaches can expand the dark

matter search sensitivity below the proton madlacing a new and improved detector on a hagtergy
LINPG2Yy o0SIFYEtAYST adzOK I a GKS 108\WNdemniine, véulll extehdd y Ly eSS
sensitivity to higher mass.

Thrust 2 (near term and long term): Explore the structure of the dark sector by producing and
detecting unstable dark particles.

Acceleratorbased experiments are the only type of experiment capablereducing not only dark

YFEGGSNE o6dzi 2GKSNJ NBfFGiSR LI NGAOESaE 60GKS aRIFN)] as$s
through their decays into ordinary matteifwo key examples are decays of (i) a new force carrier into

two particles of visiblenatter and (ii) additional particles charged under these forces into a dark matter

particle accompanied by familiar particlehe second signal is illustrated in Figu. 2

Figure 24: Schematic of acceleratdrased techniques that can explore thirusture of the dark sector using
spectrometetbased experiments.

The decays of unstable dark sector particles may produce detectable signals in the beam dump or
missing momentum experiments motivated by Thrust 1. For example;\ssilie excited statesf dark
matter may be sufficiently lontived that their decays are seen in a beam dump experiment, while late
decays of force carriers may occur in the detector volume of a missing momentum experiment. These
dual capabilities underscore the inherentlyhi-purpose nature of these experimental concepts, the

full capabilities of which are a subject of ongoing research.

In addition, the requirement of a dark sector motivates spectromdtased experiments more directly
tailored to searching for unstable I NJ & SO0 2 NJ LJ NI A Of Sa o ¢t KSaS SELISNJ
0KS @AaA0tS LINRPRdAzOG aR8®FE RENJ aBWOR NI BI BHE & Qf §dzOK





















































































































































































































